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Effective Lagrangian including technimesons is constructed for a realistic one- 
family Technicolor model without exact custodial symmetry. Tree level contri- 
bution to oblique correction parameters 5 and U due to spin 1 technimesons 
are computed with the effective Lagrangian. An isospin breaking term which 
is associated with technilepton vector mesons gives a negative contribution 
to the electroweak radiative correction parameter S due to mixing between 



Abstract 



Qh! 1 = and 1=1 vector mesons. U receives non-zero contribution due to ex- 

otic left-handed charged vector mesons and its sign can be both negative and 



positive. 



1 Introduction 



It has been shown that Technicolor models are strongly constrained by precision mea- 
surements of electorweak parameters. In particular, QCD scale up one-family Technicolor 
model with exact custodial symmetry seem to be already excluded by studying an oblique 
correction parameter S Q. 

Stheory = 0.28 X 4 = 1.1 

Sexp = -0.42 ± 0.45 
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where Stheory is an estimation with vector and axial vector meson dominance assumption 
for QCD scale up one- family Technicolor model. (See appendix E.) A factor of 4 comes 
from the fact that the model contains 4 SU{2) doublet of technifermions. S exp is quoted 
from P] and the reference point of the standard model is taken at nit = 150GeV and ran = 
ITeV. However, according to ref.|J, this is not the case for Technicolor models without 
exact custodial symmetry. A realistic model is proposed for a one-family Technicolor 
model. In their model, isospin breaking is introduced for a light technilepton doublet. 
The doublet contributes to a radiative correction parameter S in negative sign while 
keeping p parameter nearly equal to 1. In their analysis, free technifermion model is used 
to compute S parameter. 

In this paper, we compute the oblique corrections (S, T and U ) in an alternative 
way. We construct an effective Lagrangian with low lying technimesons for the one-family 
Technicolor model without exact custodial symmetry. By using the effective Lagrangian, 
we can compute non-perturbative effect on the radiative correction parameters S,T, and 
U due to bound states of technifermions. Our paper is organized in the following way. In 
§2, we review feature of the model. With some assumption on the low lying technimesons' 
spectrum, we construct a low energy effective Lagrangian. In §3, S, T, and U parameters 
are computed with the Lagrangian. It is shown that S parameter receives negative con- 
tribution due to the mixing between isosinglet and isotriplet techni-vector mesons. §4 is 
devoted to finding the range of the paramerters for negative S. Conclusions and discussion 
are summarized in 55. 
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2 Effective Lagrangian for a Technicolor model without 
exact custodial symmetry 

Let us describe the model briefly ||. The model has a global symmetry : G = SU(6)l <8> 
SU(6) R (g> SU(2) L <S> U(1) 2 r ® U(1)$l <£> U(1) 8 r <8> U(1) v which is spontaneously broken 
to H = SU(6) V <£> U(l) 2 v <S> U(l)sv ® U(1) V - The part of G must be broken explicitly in 
order that unnecessary massless physical Nambu-Goldstone bosons disappear. 

The technifermions are assigned to the following representations of SU(3) c (giSU(2)(3i 
U(1) Y SU(N TC ): 



(U,D) L = 


(3,2, 


Y Lq 
2 


,N TG ), 


U R = 


(3,1, 


Y Lq 
2 


+ 2> N TC), 


Dr = 


(3,1, 


Y Lq 
2 


-\,N TC ), 


(N,E) L = 


(1,2, 


Y u 
2 




Er = 


(1,1, 


Yu 
2 


-\,N TC ), 



where YL q (Yu) is hypercharge of lefthanded techniquark(technilepton) (Yi q = 1/3, Yu = 
-!)• 

The following mass spectrum is assumed for technifermions: 

(1) M v = M D , 

(2) M N <M E < M v . 

SU(6)v symmetry is preserved because techniquarks are degenerate, while SU(2)y 
symmetry is explicitly broken due to isospin breaking of technileptons. To proceed further, 
we need to know the technimesons spectrum of the model. Since the model does not 
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have the same global symmetry as that of QCD ( SU(2)l <8> SU(2)r in chiral limit ) 
and underlying dynamics may be also different from that, we can not simply scale up 
the mesons' spectrum in QCD. Here we make use of the global symmetry as a guide to 
construct an effective Lagrangian. Global symmetry strongly constraints the structure of 
effective Lagrangian as well as properties of bound states included in effective Lagrangian. 
Concerned with technimesons, which are bound states of technifermions, we need to make 
a few assumptions. In this paper, we include only spin (Nambu Goldstone Bosons (NGB) 
and Pseudo Nambu Goldstone Bosons (PNGB)) and spin 1 mesons. For the purpose of 
studying tree level contribution to the oblique correction parameters, S,T, and U, other 
mesons with higher spins (spin> 2) can be ignored because they do not contribute to self 
energy corrections of gauge bosons. Further we only keep 0(p 2 ) terms for NGB and PNGB 
sector and ignore their loop effects and 0(p 4 ) counter terms. About spin 1 mesons, we 
employ the approach of including vector mesons into chiral Lagrangian and extend 
it to our case. In table(l), technimesons and their technifermion contents as well as their 
J,P,C, and I are listed. (For spin sector, we quote them from ref.||.) Note that charged 
technilepton NGBs (IF* 1 ) do not have definite parity because are NGBs associated with 
SU(2) l not SU (2) a- ( Note that we do not have full SU (2)r symmetry.) In the same way, 
exotic left-handed charged vector mesons (Al) are introduced so that they interact with 
Tl^ and SU(2) <S> U(l) gauge bosons etc without loss of the invariance. Corresponding to 
spinO, vector, and axial and left-handed vector mesons, the effective Lagrangian consists 
of three parts: Cs, Cy, and La'- The explicit form for them will be presented below. 

£5 ( spinO sector ) 

This part of the Lagrangian consists of 0(p 2 ) terms of NGBs and PNGBs. 

C s = F 2 tr(a 6± ) 2 + F 2 tr{a L± ) 2 + F 2 tr(a 2± ) 2 + F 2 tr{a 8± ) 2 
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+ (3±tr(a 8 ±T 3 a 2 ±) + £' br , 



(1) 



where, 



where, 



a=l 



2 1 /n X T a HlV L ^ 2l 



a=l 



2i 



2 p " 2 
.A 

2~ 



3 r > 



T a P a . 1 6» 8 



(3) 



as± - " 2 I7ll -zh) [tr{ ZM 2i } 

+ ^ ^-^ >], (5) 



= d^ + ig'(^-0l 3 )B^ + ig'(^^I 3 )B^ (6) 

V LM = ^ + i3^(^/3)< + V(^®4R, (7) 
A=l L 1 

T 3 Yt 1 

= dn + igf—Bp + iJ-g-B^ (8) 



3 T A y 

V LM = fy + ^E^tf + ^-T^ ( Q ) 



e 6 = «p ( iE-^- + ^), do) 
e 2 = e^g— +,— (id 

, ,r 3 n 3 . 3 fl 8 , 

ft = + (12) 

In ([l|) consists of explicit breaking terms which make physical NGB massive. Without 
C'fr and 5C/(2)^(8)L r (l)y gauge interaction, we have 3 color singlet physical massless NGBs 
which are linear combinations of 9$, II 3 , li^ , P 3 and P^ 1 . Here P^ and P 3 are SU{2) triplet 
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and color singlet bound states of techniquarks. By adding C br , we can make them massive. 
(See appendix D for the details.) In (3), r a is a projection into SU(2)l (a = 1,2) part. 
In (|)-(|), W A and B are SU(2) <g> U(1) Y gauge bosons. In £s correspond to 

NGB fields. T a are generator of SU(6) and r a , r 3 are Pauli matrices. P a are 35 NGBs 
for broken SU(6)a symmetry, which are techniquark bound states. IP(a = 1,2) and II 3 
are NGBs for broken S'C/(2)i(r a : a = 1,2) and U(V)2A symmetry respectively, which 
are technilepton bound states. 9s is a NGB for U(1)sa symmetry. Fq,Fl,F2 and Fg 
are decay constants for these NGBs. Note that Fl is not degenerate with F% because 
custodial symmetry is broken in the sector and Hl form an irreducible representation 
under U(1)2V which II 3 does not belong to. The difference between Fl and F% gives rise 
to small deviation of p parameter from 1 (see (f76|)). The transformation of £s are given 
by; 

£{> = 5£6&>4 = h ^9 R Q, ( 13 ) 

£ 2 = gL2&f&, (14) 
ei = gmZA, (15) 

+ <pR8 - 4>L8, (16) 



where, 



Fs Fs 



g L6 = exp(iT 6 a ^ 6 + i^=0L8 + ^v), (17) 
gas = exp {iJf^ + i —^^ns + i-^v), (18) 



<Pv), (19) 



g L2 = exp(z Vt% + iT 3 (p 3 L2 - i—=4> L& + i- 
a=i 4 v3 4 

3 1 

9R2 = exp(iT 3 (j) 3 R2 -i^-j=(j) R s + i-4>v), (20) 



he = h e h Q i, (21) 
h 6 = exp(iT^ V6 ), (22) 
h Q1 = exp(i— t^qi), (23) 



h 2 = h 2 h L1 , (24) 

T 3 

/i 2 = exp(zy(/v2), (25) 
h L1 = exp(i^cf) Ll ), (26) 

and 4>ls and ^8 are x independent parameters of U(1)$l §5 U(1)sr transformations. It is 
not difficult to see that «6±^ ; «L±/i and a 2 ±^ transform as: 

«6± M = haa^hl, (27) 
a 2L/i = h 2 a 2 L^hl, (28) 

«2_L M = «2± M , (29) 
a 8±/j. = «8± M - ( 30 ) 

£ (Vector meson(l ) sector) 
In addition to NGBs and PNGBs, we incorporate vector mesons into the effective La- 
grangian. Corresponding to unbroken symmetry: SU(6)v &) U(l) 2 v <8> U(l)sv <S> U(l)v, 
we introduce 38 vector mesons, 35 of them are techniquark bound states which belong to 
the adjoint representation of SU(6)v ■ Corresponding to U(l) q v (U(l)v for techniquark 
sector) ,U(l)iv (U(l)y for technilepton sector) and U(l) 2 y, three neutral vector mesons, 
techni uj q (we/i), techni wi (u)2n), and techni pi (/92/J are introduced. For the techniquark 
sector of the effective lagrangian, we can just extend the approach of Q f|] into the larger 
symmetry, i.e, chiral SU(6)l <8> SU(G)r (g) U(1)qv On the otherhand, for technilepton 
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sector, non-trivial isospin breaking terms are introduced. Let us record vector meson part 
of the effective Lagrangian first, 

- M* 2 tr(V 2ll - ^«2|| M ) 2 - M^ 2 tr(V^ - ^«-2|| M ) 2 
+ avtrF^r^Fv^^ 

- Pvtr(V 2fl - ^a 2 || M )T 3 (K,2 M - g-^au,2\\n), (31) 



where 



06||„ = 2E( TQ )tr[T ^ 6V ^+^ 6 ], (32) 

a=l 

^ = 2^f /6 U[J-^ + ^], (33) 



^ = ^ r 3 J tr ^-Y 2i 1' (34) 

<Ml„ = 2-^ /2 jtr[- ]. (35) 

Vector mesons are decomposed into their component fields, 

35 , rpa \ 



Q=l 



*W = ^TTTS ( /<3 n ) ^V' ( 37 ) 



'2^3 V 0, 



\ — 1 


^0 








r 3 ) 02„ 


1— > 






*2< 







*W = hi T (39) 



The quantities defined above transform under G in the following way, 

f a 6|| M = ^6Q!6||m^6 - ihsdJi 



(40) 
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W 2 (42) 



a 2||^ = a 2|i/, - 



K211 = Vu,2fi + c^hLid^h^. 



In (31), the terms which are proportional to ay and (3y break isospin symmetry. 
The term with the coefficient ay generates mixing between techni oj\ {00211 {I = 0) ) and 
techni p\ {p2a (/ = 1) ) through the kinetic term while the term which coefficient is (3y 
generates the mixing through the mass term. 

Axial vector meson (A) and left-handed vector meson (A^) sector 
This part of the Lagrangian are given by, 



C A = ^tr Fa 6 ^ u + ^trF^FA Lftv + ^trF A l "FA 2fll/ + ^ r ^As^ A s^u 

- M\ tr{A^ - -^a 6±/ J 2 - M 2 A tr{A^ - -^a s±IM ) 2 

A6 As 

- M\ L tr{A Lll - -^-a L±IM f - Ml 2 tr(A 2fi - ^a 2 ^) 2 

" u A ^=trF^T 3 F A8flu 

_ 2 i(l + S) , 3 ,, i(l + 5') . 

Vo A2 As 

1 Pa M A2 52 1 w ^2 

4 M A2 M A8 - 3 /? A A 8 
2 ^/3 A Ml 2 Mj 8 1 3 

TI^I^M^ ( 2±M 8±m) ' ( } 

The decomposition into component fields is given by, 

A ^ = * E ( ) (45) 

a=l ^ ' 
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A ^ = *AtP orJ°8M, (46) 



4^3 V -3/ 2 

wo 

2 V T' 



Al, = if:~( ^Km> (47) 



a=l 

Mp. = r3 )«2 M . (48) 

In (46), T a {a = 1, 2) is a projection into SU(2)l- They transform under G in the following 

way, 

A> 6 ^ = h 6 A^hl (49) 

4* = 4*, (50) 
= h 2 A L Ji\, (51) 
^ = A 2tl . (52) 

Note that there are not inhomogeneous terms for the transformation of axial (^4) and left- 
handed (Al) vector mesons under G. Therefore the mixing terms between these vector 
mesons and PNGB occur. This effect results in redefinition of the coefficients of 0{p 2 ) 
terms of NGB and PNGB sector ((H)). In order to avoid the redifinition of the coefficients, 
we just need to add the appropriate 0(p 2 ) terms in axial and left-handed vector meson 
sector. The 0(p 2 ) terms of NGBs and PNGBs in ( |44| ) are chosen so that the 0(p 2 ) 
terms in (|l|) will not be altered after eliminating A and Al with their equation of motion. 
(See appendix D for the details of the procedure.) Compared with vector meson sector, 
two additional terms with the coefficients 5 and 5' come in (|44] ) . Both of them are isospin 
breaking terms and can contribute to S and U through mixing between axial vector mesons 
(d2 and as) and PNGBs (II 3 and 6s)- However, because we focus on the contribution due 
to vector, axial and left-handed vector mesons only, we ignore the contribution due to 
these terms and put 5 and 5' zero in the following analysis. 
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3 S,T and U parameter 



The electroweak radiative correction parameter S, T and U are denned in terms of the 
gauge boson self-energy: 

S = l67T^[5U 33 (q 2 ) - SU 3Q (q 2 )} \ q2=0 

= -16ir^[5n 3Y (q 2 )]\ q2=0 , (53) 

aT = 9 -^-{^n(0)-SU 33 (0)], (54) 
z 

U = l6TT^[5U u (q 2 ) - SU 33 (q 2 )} \ q2=0 . (55) 
where the 511 is contribution of beyond standard model. 

In order to compute technimesons contribution to S, T and U, we need to expand 
the effective Lagrangian in terms of their component fields explicitly. Because we only 
consider their tree level contribution here, it is suffice to keep technicolor singlet and color 
singlet technimesons in the expansion. We also have done one more simplification. In 
princple, not only vector, axial and lefthanded-vector mesons, PNGBs can contribute to S 
and U even in the tree level when isospin is not exact symmetry. For example, PNGB 6$ 
can mix with W 3 and B through the isospin breaking term which strength is given by (3±_ 
in (||). Since the mixing term is derivative coupling, the contribution to S is proportional 
to P^/Mgg. Here Mqq is a mass of 6s which comes from the explicit breaking of U(1)sa- 
Similarly, II 3 can contribute to S and U through isospin breaking terms whose coefficients 
are 8 and 5' . Since we have not known the masses of PNGBs and how they mix with 
each other, we just assumed that they are so heavy or the mixing with gauge bosons are 
so small that their contribution to S and U are negligible. This amounts to the following 
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simplification in the effective Lagrangian. 



= 5 = 5' = 



0. 



(56) 



Under this assumption, in tree level, it is spin 1 technimesons that contribute to S and 
U. In the following, we compute S, T and U in techniquark sector and in technilepton 
sector respectively. The latter computation will tell us how differently custodial symmetry 
breaking terms contribute to S compared with techniquark sector where custodial sym- 
metry is exact. 

The techniquark sector 

In this sector, color singlet and SU{2) triplet part of techni-vector mesons Vq(1~) 
and ^6(1 + ) contribute to S. Since SU(2) singlet vector mesons such as V u q and As do 
not couple with W$, they will not contribute to S. The mixing terms between the vector 
mesons and gauge bosons are given by : 



£ 6int = -M^tr{V 6/I - ^a 6 || M ) 2 " M aM A ^ ~ Y 6 a ^ 

= 2M" v /f-^( 9 W, +9 'B)f + 2Miq + ^-( g W 3 - 9 'B)f. (57) 



P6(ciq) are color singlet and isotriplet vector(axial vector) mesons. Therefore, these terms 
induce W3 — (pq,ciq) and B — (pq,(Iq) mixing and contributes to S through the Feynman 
diagram (Fig.(l)). We obtain S in techniquark sector. 



igg'S q = - 




(58) 



S, = 4ir[-j --2]. 



(59) 
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The technilepton sector 
In this sector, there are isospin breaking terms, 



d = av trF^r 3 F VLo2l 



l3 v tr(V 2 - ^a 2 || M )r (V„ 2 ~ ^r^u^y) 



a A ^=trFZr Z F Asixv 



2 i n i 

+ /3a^=*t-(A 2 ^ - -^a 2 _L M )r (A 8/x - ^a 8 ± M ). (60) 

Because of these terms, isospin of vector mesons is not a conserved quantity and mixing 
between 1=0 and 1=1 vector mesons can occur. Then, 577(2) singlet vector mesons such 
as techni u>i (co 2 ) can contribute to S through the mixing terms. Therefore , we need to 
diagonalize mass terms and kinetic terms of vector mesons. By expanding the effective 
Lagrangian, we obtain: 

c v - ^,„C TXt'Sli 



I / JV7 2 §v_ \ / gWj+g'B 



->lf «LH#0- (61) 



= -x^, ^)(^ 



~2~ W °2 



where 



+ 2 ( ° 2 fl8) V % M A8 7Vas 

« 8 >(4 2 4)(— )• <«> 
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The kinetic and mass terms can be diagonalized by doing the following transfor- 
mations successively. 

$)=U m yZ v U DV ^l), (63) 



"3n ) = U m AZ A U D A ( " 2 

a 8 J \a 8 



U mA Z A U DA ^ , (64) 



where Ud,Z and U m are defined by, 

U DV (A) = ff ~f 2 ), (65) 

V V2 %/2 / 

Z V(A) = ' ; i , (66) 

V (l + ay(A)) 2 / 

*W> = ( C S V(A) . (67) 

\SV(A) CV(A) J 

Ud is a 45 degree rotation matrix to diagonalize the kinetic terms. Z is a scale trans- 
formation to keep correct normalization for the kinetic terms. Finally U m is a rotation 
matrix which diagonalizes the mass terms. U m relates the mass matrices to their eigen 
values in the following way. 



'DV^V u mV 



/ 2(1^7(^2 + M* £j2 -/V) ^^(M^-M^) \ i 
UmV [ ^h^iMh-MLi) ^(Mh + M^ + Pv)) 11 ^ m 

M ' 2 M - C7 .Z-^n. * ^ U- l Z- l ir l 

M 2 a8 ) ~ UmAZA { §A m m ) UdaZa UmA 

In ( p8| ) and (p9|), M p and M w (M a 2 and M a %) are eigenvalues of vector (axial vector) 
mesons mass matrix. With these transformations, the interaction term between gauge 

14 




bosons and vector mesons are given by: 

i / M 2 n \ / gW-t+g'B 

tint = ~^{pf t P y r o)U mV ZvU n v{ 



Ml 








Ml 


Ml, 








Ml 



1 / M 2 fl \ / 

+ 2(«2" <)[ Q a2 ^JtW^tW A J ), (70) 



where, 



/ M 2 \ 

O" M 2 J °™^vDbv 

! / M 2 p [c v {\ - a v )^ - s v (l + ay)*] M 2 [-cy(l - t 
~ 73 ^M 2 [cy(l + ay)s + S y(l-ay)§] M 2 [c v (l + a 



-c v (l - a v )2 - sy(l + ay)5] \ 
;[<v(l + av)2 -av(l-av)2] /' 



M 2 2 
M 2 



a 8 



UtyiaZaUda 



^ ± f Ml 2 [c A (l - a A )-2 - SA (l + a A )^} Ml 2 [-c A (l - a A )^ - s A (l + a A )^]\ (n) 
~ ^ \Ml 8 [c A (l + a A )^ +3 A (l-a A )*] M a 2 8 [c A (l + a A )5 -s A (l-a A )§] / ' 

By computing the Feynman diagram (Fig. 2), the sum of the contribution to S due to 

technilepton sector and techniquark sector ((|59|)) is, 



S = ^-^ + ^2-^+ Y U-^-}- (73) 

The term which is proportional to Yu is due to isospin breaking. The minimum of S can 
be obtained for ay = 1 because of Yu = — 1. Only lo™ which consists of NN component 
contributes to S in that case, because EE component of vector meson decouples and ideal 
mixing is realized. This confirms that the conjecture of the importance of uj which consists 
of NN in the same modelQ. For T parameter, we obtain the same expression as that is 
given in ref.||. For completeness, we give the explicit form here. 

M$ v = ±g 2 {3F£ + Fl}, (74) 

M 2 = i( 5 2 + 5 ' 2 ){3F 2 + F 2 }, (75) 

15 



With the assumption:^, F2 <C Fq, T parameter can be so small even if there is a splitting 
between Fl and F2 as stated by the authors of Q. Finally we compute U parameter. U 
parameter is zero if the isospin symmetry is exact. Therefore the contribution to U in 
the present model comes only from technilepton sector. The left-handed vector meson 
contributes to <5IIii part of U (Fig. (3)). This contribution is not cancelled by 5II33 part 
which 1 = 1 vector (P2) and axial vector (02) mesons contribute to. 

^ = 4 ^ + 72-i]- ( 77 ) 
The sign and the value of U depend on three coupling constants ; G2, A2, and \l- 

4 The range of parameters for negative S 

In this section, we explore the parameter region where S parameter is negative since the 
present experiment fits favor negative S 0|. If the future experiments constraint on S is 
improved, we may do more complete analysis. Before studying the results of the model 
without exact custodial symmetry, let us review the estimation of S^the contribution of S 
in techniquark sector) under the assumption that the techniquark sector is just QCD scale 
up technicolor theory so that we can get a hint of the order of S which we are arguing. 
If underlying dynamics of Technicolor for techniquark sector is exactly the same as that 
of QCD (Ntc = Nc = 3), we can estimate the parameters of the techniquark sector in 
the effective Lagrangian by simply scaling up the corresponding parameters. Because S q 
depends only on dimensionless coupling constants Gq and A6, we may use the same value 
for the correspoinding coupling constants which are determined by low energy hadronic 
processes. We have determined Gq from p — > irn decay and Xq from ai(1260) — > ivy. This 
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leads to Gq 2 = 31.5 and A6 2 = 106. (See appendix E.) 

S q = (0.40 - 0.12) x 3 = 0.28 x 3 (78) 

0.40 comes from the contribution of I = 1 vector meson while 0.12 comes from 1=1 axial 
vector meson. A factor of 3 comes from the fact that the techniquark sector contains three 
SU(2) doublet corresponding to color degree of freedom. This result is consistent with the 
result with dispersion analysis [|J] and the results given by chiral lagrangian with vector 
resonances. § 

Now let us turn to the present model. Since we have not known the underlying 
dynamics of the present model, we do not have any guiding principle to determine the 
parameters of our model without experimental information. Therefore instead of trying to 
predict S in our model, we determine the allowed region of the parameters of the effective 
lagrangian by imposing the present experimentally allowed region for S. Since we have 
many parameters, we further need to limit ourselves into the small parameter space to 
draw some definite conclusions. Here we simply assume that S is dominated by only vector 
mesons and the contribution of axial vector mesons can be ignored. As shown in (78), this 
is a good approximation in case of the QCD scale up technicolor model. However it is not 
clear if the assumption still holds even in the present model. Nevertheless, let us proceed 
further. Under the assumption of vector (1 ) dominance, S is given by, 

S 



Here we have substituted Yu 
second line of (fTSj), the inequality holds because ay can take its value between —1 and 1 
and ay = 1 makes S minimum. Note that the bound for ay comes from the condition for 
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3 1 2 
^[-^ + -^2 ~ av n r } 

3 1 2 



> 4vr[-2 +-2 -— (79) 

^6 ^2 ^2^2 



1 in ( |73| ) and neglect axial vector contribution. In the 



the positive semi-definitness of the kinetic terms of vector mesons (65). In the follwing we 
assume that ay = 1 and impose the condition of negative S. The condition for S < now 
leads a relation, 

^(^-^)>3- (80) 

This region is shown in Fig. (4) in the parameter space (G^/G^ vs Gq/G^)- We can get 
the lower bound for one of the parameter, Gq/G^- 

^>V3 (81) 

Hence G^i must be smaller than Gq in ordet to make S negative. This means that the 
coupling strength between techni uji and gauge bosons are stronger than that between 
techni p q and gauge bosons. Note that the coupling strength between gauge bosons and 
vector mesons is proportional to 1/G. Since the negative contribution to S is proportional 
to Yu and Yu part of hypercharge interaction couples with techni uoi, strong coupling 
between techni u>i and hypercharge gauge boson B is preferred to get negative S. 

5 Conclusions and Discussion 

In this paper, we have constructed an effective Lagrangian for a technicolor model without 
exact custodial symmetry. By using the Lagrangian, we compute tree level contribution to 
S and U due to spin 1 technimesons. We have shown that in a realistic one-family model, 
the techni pi and the techni lo\ mixing can contribute to S parameter with negative sign. 
The most important term in our effective Lagrangian is the mixing in the kinetic term, 
trFpT^Fu . S is independent of the coeffcient of the mass mixing term /3y. We also study 
the condition to make S minimum under the vector meson (1 ) dominance. We find 
that the vector meson consists of NN component must be dominant dynamical degree of 
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freedom to make S minimum, (ay = 1 ) This argument holds as far as hypercharge (Yli) 
for which isospin breaking is introduced is negative. Thus the mechanism for negative S 
presented in this paper does not work for one doublet model with 1^ = 0. This conclusion 
is consistent with an analysis with a free technifermion model Q. On the contrary to 
the present model, we may introduce a small isospin breaking for techniquark sector. 
In that case, the corresponding parameter of isospin breaking term, oty must be -1 to 
make S minimum because hypercharge of techniquark Yi q is positive. The vector mesons 
consisits of DD component will play major role to make S minimum in that case. We 
also note that exotic lefthanded charged vector mesons are naturally introduced in our 
framework. They contribute to U due to the mixing with W^ 1 . U can be both negative and 
positive depending on the parameters. There are many things to be done in this direction. 
The relation between our computation and that with a free technifermion model must be 
clarified. The origin of the isospin breaking must be studied. Also we need to relate the 
parameters of the effective Lagrangian to more fundamental interaction for example, by 
modeling technicolor by Nambu Jona-Lasinio model Q. 
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Appendix 



In this appendix, we provide some useful formulas needed to derive the results given in 
the text. 

A Effective Lagrangian 

C s = F 2 tr(a 6± ) 2 + Fltr(a L± ) 2 + F 2 tr(a 2± ) 2 + F 2 tr(a 8± ) 2 

+ P±tr(a 8± T 3 a 2± ), ( A.l ) 



- M v tr(V 6fl - -^rOiQ\^) 2 - M v triVu&n - y^—a^) 2 

- M V2 tr{V 2tl - ^«2|j M ) 2 - My^triy^ - ^-a^,^) 2 
+ a v trF^r s F v ^^ 

- Pvtr{V 2lJ , - ^a 2 || M )r 3 (K ) 2 M - j^—at^Wn), ( A - 2 ) 



C A = \trFZF A(> , u + \trF%F ALixv + UtF^Fa^ + \trF%F A ^ u 

- M 2 AL tr{A Lll - -^-a L±fM ) 2 - M 2 M tr{A 2lJL - ^-a 2±M ) 2 

a 2 

3 , 



UA^trF^r Fas^ 



1 /%M 2 2( 5 2 1 2 
1 ^MLy 2 1 . , 2 
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2 55' (3 A M 2 A2 M 2 A „ 1 . o . . 



B Decomposition into fields' components 



In terms of fields' components, a±s and ays are given by: 

+r 3 (i>„P 3 + ^{gWl - j'B,,))} 8 h, ( B.l ) 

ai± " = -^S T °W' ft ° + : T 9H '" } ' ft ° s 5 n °- < R2 > 

«2l„ = -2^r 3 {9„n 3 + ^( 9 H'3 - 9 'B„)}. (B.3) 



= "iTSftl -3/J 9 ' A ' (R4) 

(B.5) 



2 

^ X>>l, + A^i^ fta + t 9W Z }] ' ( B - 7 } 

\Aa 2 » + >^r{^n 3 + y (</W^ - g'B^l ( B.8 ) 

(h ^[a^ + J-d^s], (B.9) 





^6 




+ 


^ - 














i 











4^/3 V -3/2/ M A 8 F 8 



-^E/^^K-^W], (B.10) 
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V^-^-a^ = ^k-^(2WB,)], (B.ll) 
i i , r 1 



V2 M -^« 2! | M = -r 3 [ P2fl -^-(gW 3 , + g'B,)], ( B.12 ) 

^-^^ = ^2[^-^-(2W^)]. (B.13) 

^ ^w2 

By substituting these expressions, we obtain : 

£s = Imp 3 ) 2 + (5 M n 3 ) 2 + (d,e s ) 2 } + \ j^mn 2 + (W 2 } 



a=l 

2 



2 a=l 

+ \$F$ + F 2 )(^ 3 - g'B.f + -W + F 2 )( 5 W^) 2 



^^d,e 8 {d,n 3 + ^( 5 ^ 3 - + c' br , ( B.i4 ) 



- J(^,^]) 2 - ^(%^ 2i ,]) 2 - ^(^.pa^])^ w 2 „]) 

+ ^ 2 6 v 6 , - -^-2 5 'y Lg ^} 2 

+ - ^isK + g'B,)} 2 + ^M 2 2 {u^ - ^l-2g'Y Ll B,} 2 

+ ^P^-^9K + 9B^)}{^-^2g'Y Ll B^, ( B.15 ) 



a=l 
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+ \MUal, + ^{d^ + ^( 9 W^- 9 'B,)}f 
+ lMlM» + j^ 2 {d,tf + ^-(gW3-g'B,)}f 

1 /^M| 2 £ 2 1 3 F 2 3 , .-2 

1 /?jM 2 8 <? 2 1 2 
+ 8M 2 2 M 2 8 -±/? 2 A 2 F 2 ^ 8 

_ i ^y,M 2 2 M 2 i 3 + ^ _ , B )} ( R16 , 

2 M 2 2 M 2 8 - \[3\ F 2 F 8 X 2 X 8 " 81 M 2 vy " v ; 
We fix the gauge into unitary gauge. This corresponds to the follwing replacement. 

(gW^-g'B^) -+ (gWl - gfBJ - 2 + (y/SF^P 3 + F 2 d fl U% ( B.17 ) 

0W£ - gW° ~ 3F 2 \ F 2 {^>F^P a + F 2 ^n Q ), (B.18) 

We also redefine the axial vector and left-handed vector mesons. 

<C - ^--^r^P , (B.19) 

as^t a 8At - —9^8, ( B.21 ) 

< ^ "l-^r^n 3 , (B.22) 

«2 M - a^-^^fP. (B.23) 
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Then, £5 and La are written in terms of physical degrees of freedom. 

c s = \{(d^f + (MP) 2 + (d,e s ) 2 } 

+\{ZFl + Fi)(gW* - g'B,) 2 + i(3F 2 + F 2 L )(gWp 2 

+4r> ( B -24 ) 



4 

7^ a 2 „]) 2 - -^-(^ osi/])^ a 2l ,]) 
2 



1 

4 



zE(<W*L,]) 5 

a=l 



+ ^Mi 6 [aI M + ^(^ 3 -^)] 2 

+ ^M 2 2 [a 2M + ^-(^ 3 - 5 %)] 2 
+ ^[a2 M + ^(5W M 3 - 5 '^)][a 8/1 ] 

+ \M 2 AL j2[al^ + ^-gW;\ 2 

+ ^^ra^ (W2 (B - 25) 

1 , _ 1 ««.r «fi3 . ^, 

A2 1V1 A8 
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where, 



( B.26 ) 



n a \ ( cosxl -sinxh \/n 0> 

P a ) \sinxL cosxl J \P a 

( ft 3 \ _ / cos X 3 sinx3 UD 3 \ f uo7\ 

[p 3 ) ~ [sinxs cosxs ){P 3 )> 



V3F 6 . F L 

cosxl = ; smxL = , ( B.28 ) 
3Fi + Fl ^fJTfJ 

V3F 6 . F 2 

cosxs = , smx3 = , ( B.29 ) 
IZFl + F| J3F 2 + F 2 



C Pseudo Nambu Goldstone boson sector 



£ S = -{(a M n 3 ) 2 + (^n a ) 2 + (a^ 8 ) 2 } 

+ 1(3F| + Fi)(gW* - g'B.f + i(3F 2 + F 2 )(^) 2 

-^^^{cosxs^n 3 + \(gW3 -g'B,)} + C' br . ( C.l ) 

Now we are ready for giving the explicit form for £' br . Because IT 3 , IP and #8 are NGBs 
associated with broken global symmetry, we can introduce the follwing mass terms as C' hr . 

*~i<* 98 » (| |)(%)-?"^ <«> 

The mass terms break the global symmetry without loss of SU{2) (g) C7 (1) gauge invariance 
and these NGBs become PNGBs. 

D 0(p 2 ) terms in axial vector and left-handed vector sector 

In this appendix, we show how to determine the 0(p 2 ) terms which consist of NGBs and 
PNGBs in this sector. As explained in the text, we add the 0(p 2 ) terms so that the 
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incorporation of axial and left-handed vector mesons does not change the decay constants 

of NGBs and PNGBs. By doing so, p (T) parameter depends only on the parameters 

in C s . Though it is just the matter of the definition of the parameters of 0(p 2 ) terms 

in C s , our choise is convenient because the the parameters in C s are directly related to 

physical quantities such as decay constants. Further p (T) parameter is independent of 

the parameters in La with the procedure adopted here. Let us discuss 0(p 2 ) terms which 

consist of «6± and olll first. These terms are related to Aq and Al- The equations of 

motion of Aq and Al up to 0{p 2 ) are, 

. i 
As = — «6±, 
^6 

A L = ^-a L± . ( D.l ) 

By substituting these into (44), we do not have 0{p 2 ) terms of NGBs and PNGBs. There- 
fore the 0(p 2 ) terms which are already present in (44) is enough. 0(p 2 ) terms which 
consist of Q2_l and agj_ have more complicated coefficients as shown in (44). We have 
determined them in the follwing way. Let us focus on a part of Ca 

= \ M A 8 ( a 8» ~ Y-«8± M ) 2 + \ M M (°2M - ^T«2_L^) 2 

I {1 + 6) . (1 + Q . , 
+ PA^(«2 M r a2± M )(a8M ; «8± M ) 

Z A2 As 



4(( 02 -^) c-^))^ ,3 f)(:|:; 

,0a 66' ^ „ 

+!TVT a 2ia8i, ( D.2 ) 



2 A2A8 

where we have used the follwing notation; 
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As, = i-^( h .„>>„. (D.l) 



a 2±, = \\ <$ ) «2± M ( D.5 



«8_L^ = ( /6 or ) «8±M ( D - 6 ) 



2 V r 

4^3 V -3/2 

The equations of motion for 02 and a§ up to 0(p 2 ) are: 

a 2 -j 7 « 2 ±\_i 1 /Ml 8 -%\/o /3A<5'Wi«2± 

«8-i«sJ 2 Mi 2 M| 8 -4V-f Mi 2 A^ A^dai 

By substituting this into Cq, we obtain; 



(D.7) 



1 /3jMl 2 <5 2 1 2 

+ ^spfiw;*^' 1 (D ' 8) 

By subtracting £ c from jCq, we obtain 0(p 2 ) terms which consist of ct2± and as± in (44). 
These are the desired counter terms which kill the effect of axial vector mesons and left- 
handed vector mesons on p (T) parameter. 

E S in QCD scale up technicolor model 

For the completeness, we compute S t heory of QCD scale up technicolor model which is 
quoted in the introduction and (78). The QCD scale up technicolor model has SU(2)l <8> 
SU (2)r global symmetry and Ntc = N c = 3. Therefore we only need to study the SU(2) 
subsector of one-family model. S in this model is given by; 



1 i 



S = M 7 ^-t T }- (E.l) 
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The Gy and Xa are denned in the same way as G% and Xq. Gy and Xa are determined 
by p — > 7T7T and ai — > 77r decays . 

^ = ^— ) 2 (l-^)i, (E.2) 

48vr 2G v ffi CD mj 

where /qcd is the pion decay constant. By using the following values, 

f QCD = 93MeV, m n = UOMeV, m p = 768MeV, m a = YimMeV, 

T p7TW = 152MeV, r a77r = OMMeV, 

we obtain; 

G v = 31.5, G 2 A = 106. 

This leads to the following estimation of S t heory for the QCD scale up technicolor model 
which is quoted in the text. 

Stheory = 0.28 ( E.4 ) 

Because they are dimensionless quantities, the scaling relations between the parameters 
in QCD and that of the technicolor are given by, 

G 6 = G V , Xq = Xa- (E.5) 

This equalities hold if the underlying dynamics of the techniquark sector is the same as 
that of QCD. 
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Table Caption 



Table(l): J,P,C,I and electric charge of the technimesons incorporated in the effec- 
tive Lagrangian. In the third column, the numbers of corresponding technimesons 
are shown. In the fourth column, techniquark contents with the same J,P,C,I and 
electric charge are shown. 

Figure Captions 

Figure(l): The Feynman diagrams for the contribution to S in the techniquark 
sector. 

Figure(2): The Feynman daigrams for the contribution to S in the technilepton 
sector. 

Figure(3): The Feynman diagram for the contribution to 5Hu part of U due to 
the left-handed vector meson. 

Figure(4): S < (S > 0) region with vector( 1 ) dominance assumption for 
ay = 1. Gq,G2 and G^ are coupling constants associated with vector mesons. (See 
© in the text.) 
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